Background/Aims: Cholangiocarcinoma (CCA), arising from varying locations within the biliary tree, is the second most common primary liver malignancy worldwide. Shikonin, an active compound extracted from the Chinese herb Zicao, holds anti-bacterial, anti-inflammatory, and anti-tumor activities. However, the effect of shikonin on human cholangiocarcinoma and detailed mechanisms of TRAIL enhancement remains to be elucidated. The purpose of the study was to investigate the protective functions of TRAIL enhancement for shikonin induced apoptosis in cholangiocarcinoma cells. Methods: We use MTT assay, apoptosis assay, caspase activity assay, flow cytometry assay, real time PCR and Western blot to observe the effects of TRAIL on shikonin induced cholangiocarcinoma cells apoptosis and its mechanism. Results: Shikonin inhibited cell viability and induced apoptosis of CCA cells, effects enhanced by TRAIL treatment via activation of caspase-3, -8, -9. Furhermore, TRAIL enhanced anti-proliferation of shikonin and shikonin induced apoptosis through induction of ROS mediated JNK activation, while AKT activation had an effect on shikonin anti-proliferation activity, but not in the TRAIL enhanced counterparts. Finally, shikonin upregulated DR5 expression, an effect essential for TRAIL-enhanced activities of shikonin in RBE cells. Conclusions: Our results revealed that shikonin could inhibit cells viability and induce apoptosis of CCA cells, effects enhanced by TRAIL treatment via ROS mediated JNK signalling pathways, involving up-regulation of DR5 expression. Our results provide further insight into the mechanism underlying the anti-tumor effects of shikonin by TRAIL enhanced in CCA and a new therapeutic strategy to CCA treatment.
Introduction
Cholangiocarcinoma (CCA) is a malignant tumor of bile duct epithelial cells and the second most common primary liver malignancy, accounting for 10%~15% of all primary liver cancers [1] . CCA arises from varying locations within the biliary tree, classified as intrahepatic, perihilar or extrahepatic CCA [2] . The development of CCA is a multi-step process, and may be induced by sclerosing cholangitis, hepatolithiasis, parasite infections and toxins [3, 4] . The clinical presentation of CCA patients is rather unspecific. Biologically, CCA is one of the highly aggressive tumors with dismal prognosis. The incidence and mortality of CCA have been increasing across the world during recent years [5] . In the last two decades, treatment options of CCA have been improved. Several molecules and signaling pathways have been developed as the therapeutic targets that interfere with growth and progression of cancer cells while sparing normal cells, such as IL-6, fibroblast growth factor receptor (FGFR), notch signaling pathway, receptor tyrosine kinase pathway and PI3K/AKT/ mTOR pathway [6] . However, new therapeutic strategies are still urgently needed to improve the treatment outcome of CCA.
Shikonin, a well-known traditional Chinese medicine from the root extract of Lithospermum erythrorhizon Sieb. et Zucc. (Boraginaceae), is one of the active constituents of Zicao. Shikonin was well illustrated for its anti-inflammatory effect in animal models [7] . Pre-treatment with shikonin significantly suppressed the carrageenan-induced paw edema and the development of chronic arthritis [8] . The anti-inflammatory role of shikonin may contribute to its therapeutic effect in cancer, since chronic inflammation promotes the initiation and progression of cancers. Recently numerous studies have illustrated that shikonin held anti-cancer potential in various cancers, including lung, colon, breast, osteosarcoma cancer and acute myeloid leukemia [9] [10] [11] [12] [13] . Shikonin inhibited the metastasis of cancer cells by suppressing matrix metalloproteinase-2/-9 expression as well as matrix metalloproteinase-13 [14] [15] [16] . LPS-induced epithelial mesenchymal transition (EMT) was reduced by shikonin via inactivation of NF-κB signaling pathway [17] . Shikonin also induced the apoptosis of cancer cells through the dual induction of the endoplasmic reticulum (ER) stress and the mitochondrial dysfunction [18, 19] . The up-regulation of p73 and downregulation of ICBP90 during the shikonin treatment also led to the apoptosis of human cancer cells [20] . Shikonin could induce apoptosis, necrosis by up-regulating p53 and Nrf2 expression in lung cancer and stomach carcinoma [21, 22] . Therefore, to study the effect of shikonin on the CCA cells is significant for the new method of clinical therapy in CCA.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) was well known for its function of inducing cell death in various cancer cells [23] . Previously reported that TRAIL could inhibit cell proliferation and induce apoptosis in CCA cells by combination with subtoxic 5-FU [24] . However, there was a major barrier that low TRAIL receptor expression levels in CCA cells led to resistance to TRAIL. Moreover, previous studies revealed that triptolide sensitized resistant CCA Cells to TRAIL-induced apoptosis [25] . DR5 was a cell death receptor involved in the regulation of TRAIL induced apoptosis. Zhong et al. found guggulsterone could increase DR5 protein expression level in a dose dependent manner in CCA cells [26] . However, the effects of shikonin on DR5 expression level and combination of TRAIL and shikonin on apoptosis of CCA cells remains to be further investigated.
Multiple target molecules and signaling pathways have been involved in the antitumor role of shikonin in human cancers, but the detailed underlying mechanism remains obscure, including apoptosis, necrosis, and anti-angiogenesis. Whether shikonin has an antitumor effect on CCA cells and the effects of TRAIL on shiknin activity for CCA cells, and the molecular mechanism involved remain unknown. Here, we found that shikonin could inhibit cell viability and induce apoptosis of CCA cells, effects enhanced by TRAIL treatment via activation of caspase-3, -8, -9. As further investigation demonstrated, TRAIL enhanced antiproliferation of shikonin and shikonin induced apoptosis through induction of ROS mediated JNK activation, while AKT activation had an effect on shikonin anti-proliferation activity, but 
Determination of intracellular reactive oxygen species (ROS) production
An oxidationsensitive fluorescent probe, 2',7'-dichlorofluorescin diacetate (DCFH-DA, D6665; SigmaAldrich, St. Louis, MO) method was utilized to measure the formation of reactive oxygen species ground on the ROS-dependent oxidation of DCFH-DA to 2'7'-dichlorofluorescein (DCF) [27] . About 1 × 10 6 /well RBE cells plated on cover glasses in 12-well plates were grown for 72 h. The cells were treated with 0, 1, 2, 5 or 10 μM shikonin at 37°C for 2 hours. Removing the medium and washing by PBS. Then, incubating with 200 μl DCFH-DA (10μM) at 37 °C in the dark for 30 min. Intracellular ROS formation was measured using DCFH-DA by the method previously described for the DCF-DA microplate assay [28] . A spectrofluorometer (SFM 25; Kontron Instruments) was used to measure ROS production by the fluorescence intensity of 10,000 cells in each well at an excitation wavelength of 495 nm and an emission wavelength of 530 nm. Then the fluorescence intensity of the shikonin-stimulated cultures to set 100% after subtracting the corresponding blanks to calculate relative intensities of DCF fluorescence were calculated by setting.
Measurement of catalase activity
The level of catalase activity was measured using a catalase assay kit (Sigma-Aldrich, St. Louis, MO). In brief, 1 × 10 6 cells were washed and suspended in lysis buffer. The concentration of supernatant protein was determined by the Bradford method and. Supernatant samples were used to measure catalase activity. Endpoint absorbance was measured at 520 nm using a microplate reader (Spectra MAX, Molecular Devices Co.).
Analysis of DR5 cell surface expression
Cells were treated with indicated concentration of shikonin for 24 h, 1 × 10 5 cells were collected to the tube, DR5 monoclonal antibody (R&D Systems) was incubated for 1 h at 4°C after washing and resuspending. Cells were washed and resuspended in PBS containing 0.5% BSA, and analyzed by flow cytometry on a FACSCalibur (BD Biosciences, CA, USA).
Adenovirus and plasmid vector construction, infection and transfection
HEK-293T cells were plated in culture dish. After HEK-293T cells attached to the plate overnight, the linearized DNA, the shuttle vector and pacAd vector were cotransfected into HEK-293T by Lipofectamine 2000 (Invitrogen, CA, USA). Viral lysates were harvested, purified and tittered. One day prior to infection, cells were seeded in plate. The next day, adenoviruses containing JBD (JNK binding domain) or AKT were added into the medium and infecting the cells. Oligonucleotides of small interfering RNA were ordered from Sangon Biotech (Shanghai) Co.,Ltd. The following siRNA was listed: DR5 siRNA 5′-AAGUUGCAGCCGUAGUCUUGA-3′,
Statistical analysis
Results are presented as the means ± S.D. from at least 3 independent experiments. The statistical differences were calculated by the Student's t-test or one-way analysis of variance (ANOVA) with Dunnett's test.
Results

TRAIL enhanced shikonin anti-proliferation activity and induced cell apoptosis in RBE cells
The anti-proliferation effect of shikonin was determined by MTT. We found the antiproliferation to RBE cells was increased with the high concentration of shikonin treatment (Fig. 1b) . However, pretreatment with TRAIL could significantly enhanced shikonin induced cytotoxicity in RBE cells (Fig. 1c) . We also investigated the effect of TRAIL on the shikonin induced apoptosis based on the observation of relative changes of annexin V-FITC and 7AAD, two well-known characteristics of apoptotic cell death. The percentage of apoptotic RBE cells was significantly increased in the group of RBE cells treated with TRAIL and shikonin, compared with TRAIL or shikonin alone ( Fig. 1f and g ). We further conducted western blot analysis to investigate the activation of apoptotic proteins including caspase-3,-8 and -9. As demonstrated in Fig. 1d , the protein expressions of caspase-3, -8 and -9 and BAX were obvious cells. We found the caspase inhibitor significantly enhanced the cell viability in the group of shikonin and TRAIL treatment. However, the caspase inhibitor could not markedly influence the cell viability in TRAIL or shikonin alone treatment (Fig. 1h) . These data suggested that TRAIL enhanced shikonin-induced apoptosis in RBE cells.
JNK activation was essential for TRAIL enhanced anti-proliferation activity of shikonin
To elucidate the molecular function of TRAIL enhanced anti-proliferation activity of shikonin in CCA cells, we first checked the protein expression levels of p-JNK, p-P38 and p-ERK by western blot assay with incubation of various concentration of shikonin. As indicated in Fig. 2a , the protein expression levels of p-JNK and p-P38 were obviously increased in a dosedependent manner. The relative protein expressions level of p-JNK, p-P38 and p-ERK were significantly increased compared with control (Fig. 2b) . Furthermore, the protein expression levels of p-JNK and p-P38 were remarkably increased in a time-dependent manner, while not the p-ERK (Fig. 2c and d) . To confirm the signaling cascades involved in TRAIL enhanced shikonin anti-proliferation activity, we next carried out experiments in the presence of SP600125 (JNK inhibitor), SB202190 (p38 MAPK inhibitor) and PD98059 (ERK inhibitor) on TRAIL and shikonin treatment cells. The p-JNK protein expression level was reduced by the JNK inhibitor incubation (Fig. 2e) . As illustrated in Fig. 2f and g, SP600125 (30 μM) or SB202190 (20 μM) effectively enhanced the cell viability after cells treatment with TRAIL and shikonin, and SP600125 increased the cell viability in shikonin alone treatment. However, PD98059 (20 μM) have not obviously enhanced the cell viability after cells treatment with TRAIL and shikonin (Fig. 2i) . Consistently, overexpression of the JBD, a binding protein of JNK, could also efficiently suppress the increase protein level of p-JNK analyzed by western blot with shikonin treatment in CCA cells (Fig. 2h) . Overexpression of the JBD significantly enhanced cell viability in the group of TRAIL and shikonin treatment (Fig. 2j) . These results suggested the activation of JNK pathway was required in TRAIL enhanced anti-proliferation activity of shikonin.
ROS triggered JNK was involved in TRAIL enhanced shikonin anti-proliferation activity and induced cell apoptosis
Previous studies have reported that shikonin could induced intracellular ROS generation [31, 32] , and latest evidence suggested possible direct roles for ROS in regulating death receptor activation and apoptotic induction through the cluster of ROS-induced receptors and the formation of lipid raft-derived signaling platforms [33] [34] [35] . To determine whether the levels of intracellular ROS in shikonin-treated human CCA cells were altered and its effects on TRAIL enhanced shikonin anti-proliferation activity and induced cell apoptosis, we assessed intracellular ROS in human CCA cells by using the DCFH-DA (oxidation-sensitive fluorescent probe, 2',7'-dichlorofluorescein diacetate), which is based on the ROS-dependent oxidation of DCFH-DA to DCF (2'7'-dichlorofluorescein) [27] . As shown in Fig. 3a , the elevation of intracellular general ROS levels was observed in a dose-dependent manner. Next, RBE cells were incubated with or without shikonin following the treatment with 10 mM NAC, a normal antioxidant and quite popular for their ability to minimize oxidative stress [36] . We found NAC significantly reversed shikonin-induced p-JNK protein expression (Fig. 3c) . Consistently, NAC treatment significantly suppressed the apoptotic proteins level of cleaved caspase-3, -8 and -9 analyzed in CCA cells by blocking ROS production ( Fig. 3f and h) . Moreover, NAC treatment remarkably decreased the ROS levels in CCA cells followed treatment with shikonin alone or shkonin and TRAIL (Fig. 3e) . In addition, we detected the catalase activity and found it was obviously decreased with the increasing concentration of shikonin treatment (Fig. 3b) . The anti-proliferation activity of shikonin was markedly attenuated by catalase (Fig. 3d) or NAC treatment in the presence of TRAIL (Fig. 3g) . These results indicated ROS triggered JNK was involved in TRAIL enhanced shikonin anti-proliferation activity and induced cell apoptosis.
AKT activation had an effect on anti-proliferation activity of shikonin
To determine whether AKT was involved in the regulation of shikonin-induced cell death in the presence of TRAIL, we analyzed the effect of shikonin on AKT activation. Treatment of RBE cells with shikonin showed reduction in AKT activation, especially in the high concentration of shikonin treatment. Exposure of RBE cells to shikonin, followed by LY29400, a PI3K-AKT pathway inhibitor, down-regulated the protein expression level of p-AKT (Fig. 4a) . However, treatment with LY29400 enhanced the anti-proliferation activity and apoptosis proportion of shikonin ( Fig. 4b and e) , the activity of shikonin in cells was not changed with or without TRAIL treatments (Fig. 4b) . Moreover, overexpression with AKT up-regulated the protein expression level of p-AKT (Fig. 4c) . The anti-proliferation activity and apoptosis proportion of shikonin were reduced after transfection with Ad-AKT ( Fig.  4d and f) , while the activity of shikonin in cells was not changed with or without TRAIL treatments (Fig. 4d) . These findings showed that AKT activation had an effect on shikonin anti-proliferation activity, but not in the TRAIL enhanced counterparts.
Shikonin induced DR5 upregulation and contributed to TRAIL enhanced apoptosis DR5 was known for the regulation of TRAIL induced apoptosis. Thus, we investigated whether DR5 potentiated TRAIL enhanced apoptosis of shikonin. Treatment of RBE cells with shikonin led to an increased DR5 mRNA expression in a dose-dependent manner (Fig.  5a) , and obviously elevated protein expression level in shikonin treatment compared with DMSO group (Fig. 5b) . Furthermore, shikonin increased DR5 expression level on the surface of RBE cells (Fig. 5c ). DR5 small interfering RNA (Si-DR5) abrogated the effects of TRAIL on shikonin induced anti-proliferation activity and apoptosis proportion in RBE cells (Fig  5g and h) . Transfection of RBE cells with Si-DR5 markedly reduced shikonin-induced DR5 protein expression level (Fig. 5b) . Moreover, cleaved caspase-3 protein expression level induced by shikonin plus TRAIL treatment was significantly attenuated in cells transfected with Si-DR5 (Fig. 5b) . However, transfection with Si-DR5 has not altered the JNK expression with the shikonin and/or TRAIL treatment, as well as ROS level ( Fig. 5d and e) . However, NAC treatment followed shikonin obviously reduced the DR5 expression level (Fig. 5f) . The anti-proliferation of shikonin was also markedly decreased after Si-DR5 transfection in the presence of TRAIL (Fig. 5g) . However, cells transfected with Si-DR5 and treated with TRAIL or shikonin were not significantly changed for the cytotoxicity (Fig. 5g) . In addition, we also examined whether the silencing of DR5 could reverse the effects of TRAIL on shikonin-induced cell apoptosis. The results showed that cell apoptosis induced by TRAIL plus shikonin treatment was remarkably inhibited by Si-DR5 transfection (Fig. 5h) . Taken together, these results suggested that shikonin-induced DR5 up-regulation was essential for TRAIL-enhanced effects of shikonin in RBE cells.
Discussion
Reactive oxygen species (ROS) is a heterogeneous group of diatomic oxygen from free or non-free radical species. The most common source of ROS is from mitochondria which serve as the center of ATP synthesis. ROS play a pivotal role in the pathogenesis of various human diseases, including cancer. By causing DNA mutations, regulating gene expression, influencing various signaling pathways, ROS widely participates in carcinogensis [37] . Increasing evidence suggests that ROS may serve as a tumor promoter that initiate carcinogensis, by inducing cell proliferation, survival and cellular migration. However, ROS is also known as a tumor suppressor in numerous studies [38] . This chemically highly reactive ROS promotes oxidative stress and contributes to cell damage and even death [39] . Therefore, a number of anti-tumor therapeutic approaches are designed via ROS-mediated mechanism. For instance, surfactin induced cell apoptosis by activating ROS. The dramatic up-regulation of ROS activated MAPK subfamilies and led to the apoptosis of breast cancer cells [40] . Diaporine induced the apoptosis of breast cancer cells through increasing ROS release [41] . In prostate cancer, hydroxychavicol-induced ROS triggered mitochondriallymediated intrinsic apoptosis [42] . Zhong et al. demonstrated that guggulsterone-induced apoptosis of CCA cells was achieved by ROS mediated JNK signaling pathway in CCA [26] .
The interaction between shikonin and reactive oxygen species (ROS) was first established by Gao et al. [43] . Shikonin was demonstrated to induce apoptosis in hepatoma cells through an ROS-mediated oxidative stress pathway [44] . In this study, we found that shikonin could inhibit cell viability and induce apoptosis of CCA cells, effects enhanced by TRAIL treatment via activation of caspase-3, -8, -9. The apoptosis pathway could be activated by combination of TRAIL and shikonin through up-regulation of ROS production. Since ROS has been well considered as a key mediator in many signaling pathways, including MAPK and AKT signal transduction cascades, western blot analysis and flow cytometry analysis were performed to measure the effect of ROS on signaling pathways. The up-regulation of p-JNK, p-P38 and the down-regulation of p-AKT occurred in a shikonin treatment group. We found inhibition of AKT markedly enhanced anti-proliferation activity of shikonin in shikonin treatment group, while AKT overexpression could markedly restore TRAIL enhanced cell death by shikonin treatment. We hypothesized that AKT inactivation was involved in TRAIL enhanced cell death by shikonin. However, the relationship between MAPK and AKT signaling in TRAIL enhanced cell death by shikonin need further study. We found cell viability was significantly enhanced and caspase-3, -8, -9 protein expression levels were markedly attenuated after NAC treatment in combination of TRAIL and shikonin group, while shikonin alone treatment obtained less effects. These results further demonstrated that TRAIL enhanced apoptosis via shikonin induced ROS. In further, we also found SP600125 treatment or overexpression of the JBD could remarkably promote the cell viability in the group of TARIL plus shikonin. In addition, NAC treatment could significantly reverse shikonin-induced p-JNK protein expression, which indicated that shikonin induced CCA apoptosis via ROS mediated JNK signalling. These results suggested activation of JNK by ROS mediation is required in TRAIL enhanced anti-proliferation activity of shikonin. Finally, caspase-3 protein expression and apoptosis induced by shikonin plus TRAIL were significantly attenuated after cells transfected with Si-DR5, and cell viability in same treatment could significantly promote compared with control. Previous study demonstrated that DR5 could induce JNK activation in colon cells [45] , whereas most of other studies showed that ROS/JNK signalling mediated DR5 in various cell lines [46, 47] , which were consistent with our results. In addition, we also found that Si-DR5 transfection has no effect on shikonin induced cell death. This findings were similar to previous study [47] . These results suggested that shikonin-induced DR5 upregulation was essential for TRAIL-enhanced effects of shikonin in RBE cells.
In summary, we concluded that we found shikonin could inhibit cell viability and induce apoptosis of CCA cells, effects enhanced by TRAIL treatment via ROS mediated JNK signalling pathways, involvement in up-regulation of DR5 expression (Fig. 6) . Our results provided a further understanding of the mechanism underlying the anti-tumor effects of shikonin by TRAIL enhanced in CCA and a new therapeutic strategy to CCA treatment.
